Glycosylated natural products are reliable platforms for the development of many front-line drugs, yet our understanding of the relationship between attached sugars and biological activity is limited by the availability of convenient glycosylation methods. When a universal chemical glycosylation method that employs reducing sugars and requires no protection or activation is used, the glycorandomization of digitoxin leads to analogs that display significantly enhanced potency and tumor specificity and suggests a divergent mechanistic relationship between cardiac glycosideinduced cytotoxicity and Na ؉ ͞K ؉ -ATPase inhibition. This report highlights the remarkable advantages of glycorandomization as a powerful tool in glycobiology and drug discovery.
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carbohydrate ͉ natural product ͉ sugar C arbohydrates mediate many essential biological processes (1) (2) (3) (4) . For example, the saccharide-containing macromolecules that decorate cell surfaces are vital to a variety of cellular functions, including cell-cell recognition, apoptosis, differentiation, and tumor metastasis. In a similar fashion, glycosylated natural products contain sugar attachments essential for their activity and continue to serve as reliable platforms for the development of many of our existing front-line drugs (5, 6) . While the diverse chemical space accessible by carbohydrates contributes to a remarkably vast array of biological function (7), a precise understanding of the relationship between sugars and biological activity remains limited by the availability of convenient and effective glycosylation tools (8) . In an effort to explore the contribution of the sugar constituents of pharmaceutically relevant glycosylated natural products, we have developed chemoenzymatic ''glycorandomization'' methods (Fig. 1A , path B) to rapidly convert a single aglycon structure into a library of analogs with a broad array of sugar attachments (9, 10) . Despite these advances, chemoenzymatic glycorandomization currently excludes a number of essential glycoconjugates because it is limited to natural products for which promiscuous glycosyltransferases are available and can operate in vitro. Herein we describe a complementary robust chemical approach, referred to as ''neoglycorandomization,'' that accomplishes a one-step sugar ligation that does not require any prior sugar protection or activation ( Fig. 1 A, path A) . Using digitoxin as a simple pharmaceutically relevant model, we demonstrate that neoglycorandomization leads to the discovery of digitoxin analogs that are much more potent and͞or tumor-specific cytotoxins, but less potent Na ϩ ͞K ϩ -ATPase inhibitors, relative to the parent natural product. This report reveals the remarkable utility of neoglycosylation as a general tool for glycobiology and drug discovery and highlights a potentially divergent relationship between Na ϩ ͞K ϩ -ATPase inhibition and cytotoxicity invoked by cardiac glycosides.
Neoglycorandomization is based upon the chemoselective formation of glycosidic bonds between reducing sugars and a secondary alkoxylamine-containing aglycon to form ''neoglycosides'' ( Fig. 1 A, path A) . The notable advantage of this approach is, unlike most traditional chemical glycosylation reactions, unprotected and nonactivated reducing sugars are used as sugar donors in the reaction under mild conditions (11) . In early examples of this chemoselective reaction, sugars and peptides that contain secondary alkoxylamines were reacted with Dglucose, D-mannose, D-galactose, lactose, and N-acetyl-Dglucosamine to generate oligosaccharide and glycopeptide mimics, respectively (12, 13) . These pioneering studies revealed that, unlike primary alkoxylamines, which provide open-chain oxime isomers (14) , secondary alkoxylamines react to form closed-ring neoglycosides (Fig. 1B) . Although the stability of these model neoglycosides was not examined, the distribution of pyranose, and occasionally furanose, anomers in neoglycosides was found to be dependant on the identity of the sugar (15) , and equilibration between the product isomers was sometimes observed (J.M.L. and J.S.T., unpublished data). Closed-ring neoglycosides were found to display conformational behavior similar to natural O-glycosides by NMR studies, molecular dynamics simulations, and ab initio calculations (16) .
Digitoxin (1) was selected as our model platform to test the potential of this neoglycosylation reaction toward natural product glycorandomization. In addition to its well known cardiac activity, which is mediated by inhibition of the plasma membrane Na ϩ ͞K ϩ -ATPase (17) , digitoxin has demonstrated in vitro anticancer properties (18) , and patient profiling suggests the survival rate of cancer patients taking digitoxin is statistically enhanced (19, 20) . Cardiac glycosides were also recently noted to inhibit the expression of four genes that are overexpressed in prostate cancer cells, including transcription factors and the apoptosis inhibitor survivin (21) , and to provide protective effects against polyglutamine-based diseases (22) . Digitoxin also inhibits activation of the NF-B signaling pathway in cystic fibrosis (CF) cells, suppressing hypersecretion of IL-8, a protein implicated in lung inflammation, from CF lung epithelial cells (23) . Given that the attached sugars are implicated as mediators of the unique spectrum of biological properties exhibited by cardiac glycosides (18, 24) , digitoxin provides an excellent model both to examine the general utility of neoglycosylation to efficiently construct a glycorandomized library and to directly assess the biological impact of varying the sugars attached to a given natural product-based drug.
Materials and Methods
Aglycon Synthesis. Compounds 2a,b, 3␤, and 3␣ were synthesized according to procedures described in Supporting Text, which is published as supporting information on the PNAS web site.
Library Synthesis and Purification. Aglycon 3␤ or 3␣ (Ϸ40 mol) was added to 4-ml glass vials equipped with stirring fleas. The appropriate sugar (2 eq) was added to each vial, followed by 3:1 (vol͞vol) dimethylformamide (DMF)͞AcOH (final concentration of aglycon ϭ 90 mM). The reaction mixtures were stirred at 40°C by using a stirplate equipped with a 48-well reaction block and a contact thermometer. After 2 days, the reaction mixtures were concentrated by means of a SpeedVac (Savant) and suspended in 5% EtOH͞CHCl 3 . The crude suspensions were purified in parallel on disposable SiO 2 solid-phase extraction columns by using a 24-port vacuum manifold. Library members (␤ and ␣) 5-16, 23, 24, 30-36, and 41 were purified on 1,000-mg columns, eluting first with 5 ml of 5% EtOH͞CHCl 3 to remove the remaining aglycon and second with 5 ml of 15% EtOH͞ CHCl 3 to collect the product neoglycosides. Library members (␤ and ␣) 4, 17-22, 25-29, 37-40, and 42 were purified on 500-mg columns, eluting first with 4 ml of 5% EtOH͞CHCl 3 to remove the remaining aglycon and second with 5 ml of 25% EtOH͞ CHCl 3 to collect the product neoglycosides. The product solutions were concentrated by SpeedVac, weighed, and dissolved in DMSO to make 20 or 30 mM stock solutions. The stock solutions were characterized by liquid chromatography͞mass spectrometry (LCMS) using reverse-phase HPLC on a Zorbax Eclipse XDB-C8 column (4.6 ϫ 150 mm; Agilent Technologies, Palo Alto, CA) with a flow rate of 0.8 ml͞min and a linear gradient of 45% CH 3 OH͞H 2 O to 85% CH 3 OH͞H 2 O over 20 min and electrospray ionization. Library member purities were estimated by dividing the sum of the peak areas at 220 nm of peaks corresponding to the desired product mass by the total area of all peaks. For mass information, the purity of specific library members, and a tabulation of which members display Ͼ90% of a single product isomer as judged by LCMS, see Table 1 , which is published as supporting information on the PNAS web site. Average library purity was 91%.
Hydrolytic Stability of 4␣. The chemical stability of the neoglycosidic linkage was examined by monitoring the hydrolytic degradation of neoglycoside 4␣ in a 3 mM solution of 1:1 DMSO͞ buffer. Three buffers were used, 50 mM sodium acetate buffer (pH 5), 50 mM sodium phosphate buffer (pH 7), or 50 mM Tris⅐HCl buffer (pH 9). Neoglycoside degradation was monitored by reverse-phase HPLC on an Agilent Technologies Zorbax Eclipse XDB-C8 column (4.6 ϫ 150 mm) with a flow rate of 0.8 ml͞min and a linear gradient of 49% CH 3 OH͞H 2 O to 89% CH 3 OH͞H 2 O over 20 min. At t ϭ 0, neoglycoside 4␣ in 500 l of DMSO was added to 500 l of buffer, and the resulting solution was Vortex mixed for 40 sec, then immediately injected onto the HPLC column. Peak areas at 220 nm were used to Neoglycorandomization involves the chemoselective formation of glycosidic bonds between reducing sugars and a secondary alkoxylamine to form a library of neoglycosides (path A). The utility of neoglycorandomization is limited only by the ease of installation of the reactive secondary alkoxylamine group onto a complex natural product aglycon. Chemoenzymatic glycorandomization (path B) exploits nucleotide sugar activation enzymes (E 1 and E2) and glycosyltransferase enzymes (GlyT) that display natural or engineered promiscuity to glycosylate secondary metabolites. This method is limited to natural products for which promiscuous glycosylation machinery is available. (B) Whereas primary alkoxylamines react with reducing sugars to form open-chain oximes, secondary alkoxylamines react to form closed-ring neoglycosides.
estimate the neoglycoside͞aglycon ratio, which is reported as percent neoglycoside remaining [A neoglycoside ͞(A neoglycoside ϩ A aglycon )] for each of the three buffer systems (see Fig. 5 , which is published as supporting information on the PNAS web site).
Cytotoxicity Assays. All cell lines except NmuMG were maintained in RPMI medium 1640 supplemented with 10% (wt͞vol) FBS and penicillin-streptomycin (PS) (100 units͞ml and 100 g͞ml). NmuMG cells were maintained in DMEM supplemented with 10% wt͞vol FBS (FBS), 10 g͞ml insulin, and penicillin͞streptomycin (PS) (100 units͞ml and 100 g͞ml, respectively). Cells were harvested by trypsinization using 0.25% trypsin and 0.1% EDTA and then counted in a hemocytometer in duplicate with better than 10% agreement in field counts. Cells were plated at a density of 10,000-15,000 cells per well of each 96-well black tissue culture treated microtiter plate. Cells were grown for 1 h at 37°C, with 5% CO 2 ͞95% air in a humidified incubator to allow cell attachment to occur before compound addition. Library members were stored at Ϫ20°C under desiccating conditions before the assay. Library member stocks (100ϫ) were prepared in 96-well V-bottom polypropylene microtiter plates. Five serial 1:2 dilutions were made with anhydrous DMSO at 100ϫ the final concentration used in the assay. The library member-containing plates were diluted 1:10 with complete cell culture medium. The 10ϫ stocks (10 l) were added to the attached cells by using a Biomek FX liquid handler (Beckman Coulter). Library member stocks (10 l) were added to 90 l of cells in each plate to ensure full mixing of stocks with culture media by using a Biomek FX liquid handler with 96-well head. Cells were incubated with the library members for 72 h before fluorescence reading. Test plates were removed from the incubator and washed once in sterile PBS to remove serum containing calcium esterases. Calcein AM (acetoxymethyl ester) reagent (30 l, 1 M) was added and the cells were incubated for 30 min at 37°C. Plates were read for emission by using a fluorescein filter (excitation 485 nm, emission 535 nm). and then fit to a four-parameter logistic model that allowed for a variable Hill slope by using XLFIT 4.1 (ID Business Solutions, Emeryville, CA) (see Table 2 and Fig. 6 , which are published as supporting information on the PNAS web site).
Na ؉ ͞K ؉ -ATPase Assays. Inhibition of Na ϩ ͞K ϩ -ATPase on HEK-293 cells and CHO-K1 cells by the library hits was determined by Aurora Biomed (Vancouver) by using a high-throughput nonradioactive rubidium ion uptake assay. Experiments were conducted in duplicate at three different concentrations. Within each experiment, percent inhibition values at the three concentrations were expressed as the percent reduction of the maximum absorption signal observed for a 0 nM control. IC 50 values were determined by using the following formula: IC 50 ϭ [(50 Ϫ low %)͞(high % Ϫ low %)] ϫ (high conc. Ϫ low conc.) ϩ low conc. (see Table 3 , which is published as supporting information on the PNAS web site).
Results and Discussion
As highlighted in Fig. 2A , the requisite methoxylamine functional group was installed at the C3 of digitoxin (the natural position of sugar attachment) in three simple chemical steps. Specifically, digitoxin was oxidized under acidic conditions to simultaneously hydrolyze the O-glycoside and provide digitoxigenone, which was then converted to the corresponding set of oxime diastereomers (2a,b). We found that treatment of 2a,b with tert-butylamine⅐borane resulted in a 1:1 mixture of stereoisomers, which were easily resolved by standard column chromatography and assigned as 3␤ and 3␣ by x-ray crystallography (see Supporting Text). The accessibility of both digitoxigenin-like isomers 3␤ and 3␣ set the stage to explore the importance of the C3 stereochemistry on biological activity. Pilot reactions of aglycons 3␤ and 3␣ with D-glucose were first explored in an attempt to generate the corresponding neoglycosides (Fig. 2B) . Aglycons 3␤ and 3␣ reacted with D-glucose in DMF͞acetic acid to form neoglycosides 4␤ and 4␣ in good yields (Ͼ70%). Both reactions proceeded stereoselectively, providing the ␤-anomer exclusively as determined by 1 H NMR. An x-ray crystal structure of neoglycoside 4␤ was obtained (Fig. 3A) and compared to the crystal structures of related O-glycosides available from the Cambridge Crystal Database (Fig. 3 B-D) . The observed orientations about the C2-C3-N3-C1Ј torsion (Fig. 3C ) and the C3-N3-C1Ј-C2Ј torsion in the neoglycoside structure (Fig. 3D ) fall on the periphery of the narrow range of orientations displayed in the solid-state structures of 23 known cardiac O-glycosides. The chemical stability of the neoglycosidic linkage was examined by monitoring the hydrolytic degradation of neoglycoside 4␣ in a 3 mM solution in 1:1 DMSO͞buffer using buffers at three different pHs. Compound 4␣ was completely stable over the period of 1 month under neutral or basic conditions but slowly hydrolyzed under acidic conditions over this same time period. When identical acidic conditions were used, aglycon 3␣ and D-glucose did not react to form neoglycoside 4␣, ruling out equilibrium as a complicating factor in this analysis. Library member 27␤, derived from aglycon 3␤, also displayed no hydrolytic degradation under the same conditions at neutral and basic pHs, demonstrating that aglycon C3 stereochemistry does not significantly influence neoglycoside stability. In conjunction with our neoglycoside structural analyses and the previously reported NMR and molecular dynamics studies (16) , these hydrolytic studies suggest the neoglycoside nitrogen to be predominately charge-neutral at physiological pH.
A library of 78 digitoxin derivatives was synthesized in parallel from 39 reducing sugars and aglycons 3␤ and 3␣. The reaction mixtures were stirred for 2 days at 40°C, concentrated, and then submitted to solid-phase extraction in parallel to remove unreacted aglycon and sugar. The concentrated products were characterized by liquid chromatography͞mass spectrometry to assess purity and to confirm product identity. Even though a diverse array of reducing sugars were used, including L-sugars, deoxy sugars, dideoxy sugars, disaccharides, and uronic acids, in every case neoglycosides were successfully generated. The average purity of the library members was 91%, and the liquid chromatography chromatograms suggested that Ϸ50% of the library members contained Ͼ90% of a single product isomer. Although combinatorial methods have been extensively applied to steroidal derivatives and cardenolides in particular (25, 26) , the results reported herein represent the largest and most diverse glycorandomized library generated to date.
The activity of the library members was assessed by using a high-throughput cytotoxicity assay on nine human cancer cell lines representing a broad range of carcinomas, including breast, colon, CNS, liver, lung, and ovary, and a mouse mammary normal epithelial control line (Fig. 4) . The cytotoxicities of digitoxin and aglycons 3␤ and 3␣ were also examined. Digitoxin was a modest cytotoxin toward the nine human cancer cell lines (average IC 50 Ϸ 440 nM) but was nonspecific because it affected these cancer cells with similar potencies. One library member (33␤) closely mimicked this activity. Several hits identified from the neoglycoside library exhibited enhanced activities relative to the parent natural product, digitoxin (1), in terms of both potency and specificity. The two most significant hits, library members 5␤ and 27␤, displayed striking potency and excellent selectivity, respectively. Specifically, library member 5␤ was a potent cytotoxin against six cancer cell lines (18 Ϯ 2 nM in the case of HCT-116, Ͼ9-fold more potent than digitoxin), and also was modestly selective, because three of the nine cancer cell lines tested were much less affected. In contrast, library member 27␤ was a less potent cytotoxin than 5␤, but 27␤ exhibited dramatic selectivity because it was 4 times more cytotoxic toward NCI͞ ADR-RES cells (IC 50 ϭ 100 Ϯ 10 nM) than any other cell line. This result is especially significant because NCI͞ADR-RES is a multidrug-resistant line that has high levels of MDR-1 and P-glycoprotein expression (27, 28) . Given that cardiac glycosides are substrates for P-glycoprotein (29) , such tumor specificity suggests that 27␤ may no longer serve as a P-glycoprotein substrate or may be interacting with a unique target. Other neoglycoside library members, although not as potent as 5␤ or as selective as 27␤, also were significantly active. For example, library member 40␤ exhibited notable selectivity, with modest cytotoxicity toward only Du145 and Hep3B cells (IC 50 ϭ 200 Ϯ 30 nM and 180 Ϯ 30 nM, respectively), whereas library members 15␤ and 23␤ were significantly more potent than digitoxin against some cell lines, but were somewhat nonselective like digitoxin.
In contrast to the 3␤-derived analogs, the 38 neoglycosides derived from aglycon 3␣ uniformly displayed low cytotoxicities in the assay (IC 50 Ͼ 25 M, data not shown), as did aglycon 3␣ itself, establishing the importance of the natural ␤ configuration of the C3 stereocenter. Aglycon 3␤ was only weakly cytotoxic against the cell lines (average IC 50 Ϸ 1.10 M), consistent with the influence sugars have on library member cytotoxicity. Interestingly, the six hits described above all contain sugars with a common structural feature, an S-configured C2Ј sugar stereocenter. This C2Ј stereochemistry appears to be of critical importance for compound activity. For example, the C2Ј epimer of the extremely potent library member 5␤ (L-arabinose-containing member 32␤) was relatively inactive toward the 10 cell lines examined. Likewise, D-glucose-containing library member 4␤ was relatively inactive and displayed none of the cell line specificity observed for its C2Ј epimer 27␤. It should also be noted that neoglycosides with sugars containing reactive handles were successfully generated. For example, 41␤ contains the C2Ј stereochemistry shared by the library hits and a reactive azido group, which is amenable to further diversification by Huisgen 1,3-dipolar cycloaddition (9).
To assess how these structural modifications affect the ability of library members to inhibit Na ϩ ͞K ϩ -ATPases, a fundamental activity of cardiac glycosides (17) , library hits 5␤, 15␤, 23␤, 27␤, 33␤, 40␤, and digitoxin (1) were submitted to a nonradioactive rubidium uptake assay to gauge Na ϩ ͞K ϩ -ATPase inhibition in both HEK-239 human embryonic kidney cells and CHO-K1 hamster ovary cells (30) . In HEK-239 cells, digitoxin displayed an IC 50 of 75.4 Ϯ 0.5 M, whereas none of the library hits showed 50% inhibition even at the highest concentration tested (300 M for 5␤, 15␤, 23␤, and 33␤; 200 M for 27␤ and 40␤). A similar trend was observed in the CHO-K1 cells. Thus, not only did hits identified from the neoglycoside library display enhanced cytotoxic properties toward human cancer cells, but the rubidium uptake assays revealed our neoglycoside hits to be less potent Na ϩ ͞K ϩ -ATPase inhibitors in a human cell line than digitoxin. The growing body of epidemiological (19, 20) , in vitro (18) , and in vivo (31) evidence supporting the anticancer benefits of cardenolides has prompted the search for noncardioactive analogs that retain anticancer activity. The specific mechanism of cardenolide-induced cytotoxicity remains controversial. For example, a preferred ligand for cardenolides, the Na ϩ ͞K ϩ -ATPase, belongs to the ''Na ϩ ͞K ϩ -ATPase signalosome,'' the activation of which by certain cardenolides can lead to NF-B pathway inactivation (32) . Constitutive activation of the NF-B pathway protects a large group of cancer cells against apoptosis, whereas suppression of this transcription factor can restore Tables 4 and 5 , which are published as supporting information on the PNAS web site. The six library member ''hits'' are depicted in pyranose 4 C1 conformations to facilitate structural comparisons. Du145, human colon carcinoma; MCF7, human breast carcinoma; HCT-116, human colon carcinoma; Hep3B, human liver carcinoma; SF-268, human CNS glioblastoma; SK-OV-3, human ovary adenocarcinoma; NCI-H460, human lung carcinoma; A549, human lung adenocarcinoma; NCI͞ADR-RES, human breast carcinoma; NmuMG, mouse mammary normal epithelial cells.
normal levels of apoptosis in cancer cells and also potentially block tumorigenesis and inflammation (33, 34) . Yet digitoxinmediated inhibition of the NF-B signaling pathway in cystic fibrosis lung epithelial cells has been demonstrated to be mechanistically distinct from Na ϩ ͞K ϩ -ATPase inhibition (23) . With respect to other implicated cellular players, the nonlethal cardenolide concentrations that inhibit breast cancer cell proliferation also activate Src kinase, stimulate the interaction between Na ϩ ͞K ϩ -ATPase, the activated Src kinase, and epidermal growth factor (EGFR), and lead to the activation of extracellular signal-regulated kinases 1 and 2 (ERK1͞2) and subsequent cell cycle arrest caused by increased levels of p21 Cip1 (35) . Cardiac glycosides have also been demonstrated to initiate apoptosis via the classical caspase-dependent pathways in malignant T lymphoblasts (36) and prostate cancer cells (37) . In the latter, cardiac glycosides also inhibit testosterone production in vivo (38) . Thus, while the cytotoxicity of some cardiac glycosides may correlate with Na ϩ ͞K ϩ -ATPase inhibition (18, 21) , the present study reveals a unique class of noncardioactive tumor-specific and potent cytotoxins, for which the mechanism of action remains to be elucidated.
Conclusions
The neoglycorandomization of digitoxin illustrates the remarkable utility of this simple, mild, and robust reaction with unprotected and nonactivated reducing sugars to rapidly survey the influence of differential glycosylation upon natural product scaffolds. In this prototype example, we show that subtle sugar modifications can dramatically, and independently, modulate both the cytotoxic properties and the Na ϩ ͞K ϩ -ATPaseinhibitory properties of cardiac glycosides. The potential of neoglycorandomization is further augmented by its compatibility with chemical handles (e.g., azido groups) for additional elaboration (8, 9) . Neoglycorandomization is limited solely by the efficiency and specificity of alkoxylamine handle installation and the availability of reducing sugar donors; thus, these studies highlight the unique potential of neoglycosylation and͞or neoglycorandomization as a universally powerful tool for glycobiology and drug discovery. Transformations paralleling those described in Fig. 2 will provide easy access to a wide array of bioactive small molecules and glycoconjugates, and the incorporation of alkoxylamine-bearing unnatural amino acids (39) will easily extend this approach into biologically relevant macromolecules such as glycoproteins and proteoglycans. Moreover, a wide range of reducing sugars are available commercially or by means of elegant transformations from simple precursors, presenting broad access to the only building blocks essential to this approach (40, 41) .
